Abstract. Estimation of construction and demolition (C&D) waste amount is crucial for implementing waste minimization program. Estimation of C&D waste amount generated is a mean in assessing the potential for waste reduction. Thus, a better understanding of C&D waste generation in terms of causes and sources can be achieved. The aim of this paper is to conduct a review on available construction waste quantification methods from previous studies, which have been utilized in certain countries, while attempting to choose the most suitable and applicable method, and to direct future studies for better quantification methods. This review is applicable only for building construction projects and did not include civil/infrastructure, demolition, renovation, and excavation projects. Six quantification methods and/or waste audit tool available from literatures are discussed, which include their limitation and future direction for this study. It is believed that some combination of these quantification methods could make a good impact in accurate numerical estimation of construction waste amount generated in building construction projects. A strong and accurate database as presented by Soliz-Guzman, combined with effective, vital, and resourceful estimation suggested by Jalali's Global Index (GI), also with the aid of userfriendly software tool like the SMARTAudit could provide an effective and reliable waste quantification.
Introduction
Construction industry is a major contributor of negative impact to the environment. Construction materials production accounts for a significant percentage of energy consumed, and it is vital that the industry strives to reduce waste at all stages of construction [4] . The first step in implementing waste minimization program is to categorize and estimate the quantity and composition of construction waste generated. Usually waste is estimated around 5-10% of materials ordered while true amount and type of waste remains unknown and adequate management of waste is hindered [1, 5, 6] . It is also believed that decision-making should be based on quantified measurements/predictions expressed in numerical terms, so that contractors will be able to pinpoint critical points in the generation of waste, thus, effectively minimize waste produced [3] . Lack of benchmarking will hindered the implementation of more sustainable and innovative practices in industry. Quantification provides a necessary tool for evaluating the true size of the waste and hence, making the adequate decision for their minimization and sustainable management [3] . This vital information can be obtained by construction waste assessment or audit. Thus, a better understanding of construction waste generation in terms of causes or source, amount, and compositions can be achieved [3, 4] .
There is a need in establishing system to record quantitative data in order to extract accurate waste assessment data [4] . Construction authorities have a crucial role, as enforcement is essential to ensure that the requirements and standards are fulfilled. Currently, there are still limited numbers of studies conducted and literatures available regarding construction waste quantification for building construction projects. The aims of this paper is to conduct critical review of the available construction waste quantification methods from previous studies, which have been utilized in certain countries, while attempting to choose the most suitable and applicable method used, and to direct future studies for better quantification methods.
Existing Waste Quantification Methods
Waste characterization is the initial stage of data gathering and it is very crucial. The process consists of identifying type of waste materials being generated. Most studies focus on major type of C&D waste with significant amount, such as concrete, bricks, timber, and steel [2] [3] [4] [5] [6] [7] . However, it should be noted that the scope of these methods are applicable only for building projects and did not include civil/infrastructure projects.
Method Suggested by Gavilan & Bernold (1994), and Bossink & Brouers (1996). These authors can be considered as the pioneer who developed the early waste source and waste quantification model. Gavilan and Bernold addressed the critical steps in developing comprehensive waste management system, which are: categorization and quantification of construction waste generation, thus, prompted the development of framework for waste source model [2] . Waste quantification model can be defined as waste generation-rate model. Source identification of construction waste generation includes: design; procurement; handling; operation; and residual [2] . Bossink and Brouers are the first to estimate the amount of wastage materials of waste generation in Dutch construction industry [1] . It is approximated that 1 to 10% of materials ordered would end up as waste and most waste came from leftover cut-off, design changes, and poor workmanships. Thus, it can be concluded that reducing waste at the source is the most important target in waste management as it demonstrates productivity of a project.
Method Suggested by Poon et al (2001, 2004, 2009).
As mentioned earlier in previous section, the 'waste index' approach was introduced, which is defined as the amount (in unit of volume or weight) of construction waste generated per m 2 of Gross Floor Area (GFA hereafter) or area of activity [5] . Waste index calculations can anticipate the quantity of waste that may arises in order to establish awareness of waste minimization, to develop good planning on resources and environmental management and to reduce the wastes generated during all stages of a construction project [6] . This is an excellent and proven means to assess and standardize baseline value for the environmental performance of and has been widely implemented on building projects, especially public housing in Hong Kong [6, 7] . The method for calculating waste index and total generated waste may be described as follows:
Based on waste generation per GFA, it has been found that the generation rate of construction waste is in the range of 0.125 m 3 to 0.25 m 3 (waste index) per gross floor area GFA (m 2 ). As a rule of thumb, contractors use the following standard figures in Hong Kong's construction industry (Table 1) . It can be concluded that the amount and type of C&D waste depends on: type of projects (i.e residential or commercial); size of the projects; and construction technology employed [7] . 
Method Suggested by Jalali, S. (2006).
Method suggested by Jalali pointed out the significance of project analysis in terms of rough waste estimation prior to undergoing a building project in Portuguese construction industry. 'Wastage Level' concept which is based on database from previous project are proven to be useful to provide rough waste estimation [3] . Detailed construction work schedule could be regarded as an essential tool to provide likely timetable for waste generation. 'Global Index 'and 'Component Index' approaches were implemented for quantifying construction waste generation for building construction projects in Portugal. 'Global Index' provides the necessary indicator for given type of building which can be used for similar future projects and facilitate the overall estimation of waste in unit amount/area of activity (GFA). While 'Component Index' approach provides quantification of each construction component that composes the overall projects, such as timber, concrete, reinforcement steel, tiles/ceramic, and packaging, which depend heavily on the use of detailed spreadsheet that list-outs construction components and their amounts in specific units. 'Global Index' approach measures total waste produced on site. It is presented in a simple spreadsheet that accommodates performance indexes at different units (volume/GFA, weight/GFA, volume/cost, and weight/cost) for each waste component ( Table 2) .
'Global Index' can be considered as the summary 'Component Index' spreadsheet and it is similar to Poon's 'Waste Index' approach. Global and Component Index are considered to be more detailed, resourceful, and specific than Poon's waste index but there is some likelihood to be confusing in terms of difficulties in implementation due to rather complicated component index spreadsheet, especially in utilization of different unit of measurement for different components.
Table 2. Management Indicator for a Given Building [3]

Method Suggested by Lau et al (2008).
The importance of waste sampling to categorize and estimate construction waste generation in a number of housing projects in Sarawak, Malaysia was highlighted [4] . This study covered waste quantification and classification in five housing projects in Sarawak [4] . A unique method in quantifying layout of construction waste on site was employed. The layouts of construction waste generated on site were divided into four forms: stockpiled, gathered, scattered, and stacked. Quantities of waste generated, in terms of weight, for a particular layout were determined through the product of its respective estimated volume and estimated unit weight. For example, for stockpiled waste, it was assumed to stay in the form of rectangular base pyramid-shaped (Figure 1 ) which can be quantified by simply calculating the volume of pyramidshaped stockpiled waste, whereby: Vs = 1/3 (B x L x H). Whereby gathered waste, it was assumed to stay in the form of rectangular prism on the ground surface. The volume of gathered waste would be Vs = L x B x H. The results for waste quantification for each waste component are presented in 'tonnes per hectare of sites'. Timber makes up the most of construction waste in all sites, followed by concrete waste. Method Suggested by Soliz-Guzman (2009). This method was developed to quantify various waste materials with detailed classification system [9] . The fixed waste factors were based on rigorous surveys from numerous project sites in Spain and are also supported by strong Andalusian database for Spain's construction industry. The database provides relatively accurate quantified and standardized information, which means better waste characterization and thus, a strong set of data. This waste minimization model that has inspired the decree (Alcores model) and has been implemented with good result in Seville, Spain. The model provides the volume estimation of building-related waste. The models to estimate the volume of building-related construction and demolition activities, respectively, which expressed as follow: The term (VAD or the sum of VAR + VAE) is similar to 'waste index' concept [5] as waste generation factor in the quantification model. Both models quantify the waste by volume (m 3 ). Method Suggested by Building Research Establishment (BRE), UK. The Resources Efficiency team at BRE has developed a measurement tool, which is known as the SMARTWaste System in order to help contactors in improving their waste management strategy. The system is entirely web-based and enables immediate and automated reporting and includes two waste auditing tools (SMARTStart TM and SMARTAudit TM ) that can be found at http://www.smartwaste.co.uk [8] . SMARTStart TM is a software tool enabling the user to define their environmental and key performance indicators (EPIs and KPIs) for waste generation on a site by site, and organization basis. While SMARTAudit TM is a tool to quantify major waste components generated on site from the processes causing it to what it costs, identify waste and target it at source to reduce it and maximize recycling potential. SMARTAudit requires good record keeping and waste accounting to collect reliable and accurate data. Data from the tool system have been used to develop performance indicators. The performance indicators are based on actual volumes for completed new build projects. The results from this tool will generate detailed spreadsheets, reports, charts, and performance information. The following indicators are currently measured and updated monthly:
• Average m 3 of waste /100m 2 of floor area for different project types. This is similar to waste index.
• Average m 3 of waste/£100,000 of project value for different project types On the whole, these waste minimization tools are considered simple, user-friendly, reliable, and readily accessible.
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Discussion and Conclusion
From the review, simple approaches of source evaluation and estimated wastage level had been the crucial basis that prompted the early forms of waste quantification models employed in order to achieve waste minimization objective in construction industry.
Poon's method in calculating waste index is considered to be the benchmark of waste estimation method in building projects. Poon's method is the only one that relates waste estimation with construction method employed (i.e. prefabrication and conventional). Newer quantification methods are basically improvement and customization of Poon's waste index. Jalali's Global Index (GI) is regarded to be very resourceful as it produces waste index in a variety of terms. Construction Components (CC) spreadsheet is believed to be quite complicated in terms of ease of implementation in record-keeping due to usage of different unit of measurement for each waste component. But, CC spreadsheet lists out a complete database of considered construction materials. Method used by Soliz-Guzman for Spain's construction industry is another case of detailed spreadsheet, which is the only model that take account waste generated from demolition projects. This model was supported by strong database of construction components acquired from rigorous waste assessment on project sites, but complicated calculation and usage of a variety of unit measurement stand in the way of user-friendliness in record keeping. Lau's method in quantifying construction waste seems to be inaccurate due to over-simplified estimation, lack of strong database due to limited waste assessment conducted (five landed-based housing projects), and lack of resourceful information presented, but, Lau's method is quite easy to carry-out and can provide rough estimation with little effort and time. SMARTAudit provides an innovative and user-friendly web-based waste-auditing tool. One can conduct scheduled record keeping and quantify waste effortlessly.
It is believed that some combination of these quantification methods could make a good impact in accurate numerical estimation of construction waste amount generated in building construction projects. A strong and accurate database as presented by Soliz-Guzman, combined with effective, vital, and resourceful estimation suggested by Jalali's Global Index (GI), also with the aid of userfriendly software tool like the SMARTAudit could provide an effective and reliable waste quantification. It is noteworthy that construction waste database must be refined, improved, and updated regularly.
Recommendation
Future studies that need to be carried out are: developing better predictive methodologies in obtaining waste generation rate; impose standardized waste characterization; and establish more complete database that take consideration of other type of projects, such as civil/infrastructure projects. As the more accurate the data, the more accurate estimations can be acquired, thus, allowing more feasible and clear area for improvement in C&D waste minimization plan. With the help of governmental construction authority, standardization and socialization of the method can be imposed, and thus, the awareness of waste minimization in construction industry can be achieved.
